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Edited by Ulf-Ingo Flu¨ggeAbstract Structures of the serine carboxypeptidase-like en-
zymes 1-O-sinapoyl-b-glucose:L-malate sinapoyltransferase
(SMT) and 1-O-sinapoyl-b-glucose:choline sinapoyltransferase
(SCT) were modeled to gain insight into determinants of speciﬁc-
ity and substrate recognition. The structures reveal the a/b-
hydrolase fold as scaﬀold for the catalytic triad Ser-His-Asp.
The recombinant mutants of SMT Ser173Ala and His411Ala
were inactive, whereas Asp358Ala displayed residual activity of
20%. 1-O-sinapoyl-b-glucose recognition is mediated by a net-
work of hydrogen bonds. The glucose moiety is recognized by
a hydrogen bond network including Trp71, Asn73, Glu87 and
Asp172. The conserved Asp172 at the sequence position preced-
ing the catalytic serine meets sterical requirements for the glu-
cose moiety. The mutant Asn73Ala with a residual activity of
13% underscores the importance of the intact hydrogen bond net-
work. Arg322 is of key importance by hydrogen bonding of 1-O-
sinapoyl-b-glucose and L-malate. By conformational change,
Arg322 transfers L-malate to a position favoring its activation
by His411. Accordingly, the mutant Arg322Glu showed 1%
residual activity. Glu215 and Arg219 establish hydrogen bonds
with the sinapoyl moiety. The backbone amide hydrogens of
Gly75 and Tyr174 were shown to form the oxyanion hole, stabi-
lizing the transition state. SCT reveals also the catalytic triad
and a hydrogen bond network for 1-O-sinapoyl-b-glucose recog-
nition, but Glu274, Glu447, Thr445 and Cys281 are crucial for
positioning of choline.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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In various plant species, acyltransferases have been de-
scribed that accept b-acetal esters (1-O-b-glucose esters) as acylAbbreviations: SMT, 1-O-sinapoyl-b-glucose:L-malate sinapoyltrans-
ferase; SCT, 1-O-sinapoyl-b-glucose:choline sinapoyltransferase; SCP,
serine carboxypeptidase
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doi:10.1016/j.febslet.2006.10.046donors instead of coenzyme A thioesters. This alternative
mechanism of acyl transfer has proven to be relevant for bio-
syntheses of plant secondary compounds [1-4 and the literature
cited therein]. Analysis of an acyltransferase from wild tomato
catalyzing the glucose ester-dependent transfer of isobutyryl
moieties revealed sequence similarity to serine carboxypeptid-
ases (SCPs) [1]. Subsequently, this unexpected classiﬁcation
as serine carboxypeptidase-like (SCPL) protein could be con-
ﬁrmed for sinapoyltransferases from phenylpropanoid metab-
olism of Brassicaceae plants [2–4]. This relationship indicates
that glucose ester-dependent acyltransferases and serine carb-
oxypeptidases share common ancestry and have developed
by divergent evolution.
SCPs are hydrolases that catalyze the stepwise removal of C-
terminal amino acids from peptides. Given their involvement in
fundamental physiological processes such as programmed cell
death, hormone signaling and seed development [5], it seems
most likely that SCPL acyltransferases can be considered as de-
rived enzymes which have been recruited from hydrolytic ances-
tors to take over acyl transfer functions in secondary metabolic
pathways. This hypothesis is corroborated by the ﬁnding that
plant SCPL proteins form a large and diverse group of enzymes
for which diﬀerent clustering of functionally proven carboxy-
peptidases and acyltransferases became evident [6]. It is remark-
able, that SCPL acyltransferases isolated so far are not able to
catalyze peptide or ester hydrolysis. This raises the fundamental
question on molecular mechanisms that drive the functional
shift from hydrolase to acyltransferase activity [6,7].
Sequence analyses reveal that SCPL acyltransferases harbor
sequence motifs proven to be crucial for hydrolase activities of
SCPs. Most notably, the amino acids that build the catalytic
triad in SCPs are completely conserved in type Ser-Asp-His
and relative sequence position. Moreover, inhibitors aﬀecting
the catalytic seryl residue have been shown to be eﬀective in
decreasing acyltransferase activity [1–3]. This indicates that
ester-dependent acyltransferases employ the same chemistry
as carboxypeptidases including nucleophilic attack onto the
carbonyl carbon of the substrate that leads via a tetrahedral
transition state to an acylenzyme intermediate. However, pri-
mary structure gives neither a clue on substrate speciﬁcity of
SCPL acyltransferases nor on substrate recognition and reac-
tion mechanism, which favor transacylation over hydrolysis.
Thus, unraveling mechanistic aspects that drive the functional
shift from hydrolase to acyltransferase would require studies
on protein structure. Since large scale heterologous expression
of SCPL acyltransferases has not been established so far, weblished by Elsevier B.V. All rights reserved.
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ted mutagenesis.
It is quite clear that a homology modeling cannot replace the
quality of a solved X-ray structure, but analyses of the models
based on PROCHECK and PROSA indicate a native-like fold
that of course does not exclude that some regions are slightly
incorrectlymodeled. This will, however, not aﬀect themain con-
clusions based on the models. In addition, this seems to be a
promising approach because serine carboxypeptidases used as
templates formodeling studies are among the best characterized
enzymes. Besides the catalytic triad, the oxyanion hole stabiliz-
ing the transition state and a hydrogen bond network for sub-
strate recognition are functionally deﬁned regions conserved
in all serine carboxypeptidases. Sequence analyses indicate that
these functional elements are also conserved in the acyltransfer-
ases, subjected to structure modeling in this work.
This study provides a ﬁrst insight into structure-function
relationships of SCPL acyltransferases gained by structure
modeling of 1-O-sinapoyl-b-glucose:L-malate sinapoyltransfer-
ase (SMT; EC 2.3.1.92) and 1-O-sinapoyl-b-glucose:choline
sinapoyltransferase (SCT; EC 2.3.1.91) as well as site-directed
mutageneses of SMT. The enzymes accept the glucose ester as
acyl donor and transfer the sinapoyl moiety to either L-malate
(SMT), resulting in the UV-shielding compound sinapoyl-L-
malate that accumulates in epidermal tissues, or to choline
(SCT) giving rise to sinapoylcholine (sinapine), a characteristic
seed constituent of members of the Brassicaceae (Fig. 1).
Our results indicate that SCPL acyltransferases use the SCP
catalytic triad for enzymatic activity. The models reveal amino
acid residues that form the oxyanion hole in SCPL acyltrans-
ferases and present evidence for protein regions most likely in-
volved in the recognition of 1-O-sinapoyl-b-glucose and the
acyl acceptors L-malate and choline.2. Material and methods
2.1. Heterologous expression of AtSMT cDNA
The AtSMT cDNA was inserted as BamHI–XbaI fragment into a
multicopy derivative of the yeast plasmid pYES2 (Invitrogen). A de-Fig. 1. Acyl transfer reactions catalyzed by SMTtailed description of expression constructs and optimized culture con-
ditions will be published elsewhere. Site-directed mutagenesis was
performed with the QuickChange XL Site-Directed Mutagenesis
Kit (Stratagene) according to the protocol given by the supplier. All
constructs, wildtype AtSMT and the mutant variants (Ser173Ala,
His411Ala, Asp358Ala, Lys268Glu, Arg322Asp, Arg322Glu,
His272Asp, Asp172Glu/Ser175Ala) were proven by sequence analysis
and then used to transform competent Saccharomyces cerevisiae
INVSc1 cells (MATa his3D1 leu2 trp1-289 ura3-52/MATa his3D1
leu2 trp1-289 ura3-52; Invitrogen), prepared with the S. cerevisiae
EasyCom Kit (Invitrogen).
For expression analysis, recombinant S. cerevisiae cells were grown
and induced according to the pYES2 manual (Invitrogen). Cells from
100-ml cultures were harvested by centrifugation and the pellets resus-
pended in 4 ml of ice cold lysis buﬀer (100 mM potassium phosphate,
pH 6.0, 10 mM L-malate, 150 mM ammonium sulphate, 0.1% (v/v)
Triton X-100, 1 mM EDTA, 1 mM DTT). Cell lysis was achieved by
vortexing the suspension 10 times for 30 s in the presence of acid-
washed glass beads (0.25–0.5 mm in diameter). Cell debris were pel-
leted by centrifugation (30000 · g, 4 C ) and the supernatant was used
for Western blot analyses and enzyme assays. Protein concentration
was determined according to Bradford [8] with BSA as standard.
For Western blot analysis of recombinant SMT, the protocol described
by Hause et al. [9] was used.
2.2. Enzyme assays
One hundred microlitres of SMT assay mixture (100 mM L-malate,
1 mM 1-O-sinapoyl-b-glucose, 350 lg protein in lysis buﬀer) was
incubated at 30 C for 1 h. The reaction was terminated by adding
TFA to a ﬁnal concentration of 1% (v/v) and the product formation
was analyzed by HPLC [2]. To study the eﬀects of potential inhibi-
tors, phenylmethylsulfonyl ﬂuoride (PMSF) and diisopropylﬂuoro
phosphate (DFP) were added to crude desalted protein extracts from
Arabidopsis thaliana and Brassica napus leaves to a ﬁnal concentra-
tion of 10 mM (PMSF) and 1 mM (DFP), respectively. After pre-
incubation for 30 min at 30 C, the mixtures were subjected to
SMT assays.
2.3. Sequence analysis
Protein sequences were compared to sequence databases with Blastp
[10] and 3D-PSSM [11,12]. For multiple sequence alignments, the pro-
gram CLUSTALW with the BLOSUM62 matrix [13,14] was used.2.4. Molecular modeling
For homology modeling of AtSMT, BnSCT and AtSCT structures
the programModeller8v1 [15] was used. The models were reﬁned using
the Charmm force ﬁeld [16] with Born approximation for eﬀectiveand SCT in members of the Brassicaceae.
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Environment). Stereochemical quality was proven by the program
PROCHECK [18]. The Ramachandran Plot was used to test the back-
bone dihedral angle distribution of all amino acid residues. The quality
of the fold was inspected with PROSA [19]. Docking studies to inves-
tigate protein–ligand interactions were performed using the automatic
docking function of the program GOLD (GGOLD[20]: Genetic Opti-
mized Ligand Docking, Cambridge Crystallographic Data Centre,
1998, Cambridge, UK ). For each ligand, 3–6 slightly diﬀerent docking
arrangements were produced from which the one with the best ﬁtting
score was taken for further reﬁnement by energy minimization. For
this purpose, the complete model with docked substrates was reﬁned
using the TRIPOS force ﬁeld [21] and Gasteiger charges [22] imple-
mented in the SYBYL molecular modeling package (SYBYL[23],
SYBYL Tripos Associates Inc.) at Silicon Graphics workstations.3. Results and discussion
3.1. Template proteins for homology modeling
Database searches for AtSMT homologues with known X-
ray structures indicated the human ‘protective protein’ (HPP;
pdb-code 1ivy) [24] with an amino acid sequence identity of
28% over a stretch of 452 residues (e-value of 1e-105) as tem-
plate for structure modeling as well as the yeast serine carboxy-
peptidases CPY (pdb-code 1ysc) [25] and Kex1p (pdb-code
1ac5) [26] displaying identities with the query sequence of
25% (e-value of 2e-98) and 19% (e-value of 2e-77), respectively.
The alignment of SCPL acyltransferases with the chosen tem-
plate molecules emphasizes the overall conservation of se-
quence elements with proven functionality for SCPs like the
catalytic triad and the oxyanion hole (Fig. 2). A highly con-
served sequence block covers amino acid residues that form
part of the hydrogen bond network which mediates recogni-
tion of the peptide carboxylate in SCPs [27]. To describe se-
quence elements unambiguously, the following nomenclature
has been adopted: real amino acid sequence number in AtSMT
(number in BnSCT, number in AtSCT) and BnSCT (number
in AtSCT).3.2. Model structures of AtSMT, BnSCT and AtSCT
Structure models for AtSMT and BnSCT (Figs. 3A and B)
have been developed using the programMODELLER (Protein
Data Bank entries 2DRF, 2DTP and 2DRG). The Ramachan-
dran plot revealed for the AtSMT model 81.5% of backbone
dihedral angles in most favored regions, whereas 16.4% were
positioned in additionally allowed regions and 2.1% in gener-
ously allowed regions. For the model of BnSCT, 81.3% of
backbone dihedral angles were found to occupy most favored
regions; 17.8% and 0.9% were classiﬁed into the less preferred
regions. All other stereo-chemical parameters were inside the
quality range expected for a structure with a 2.0-A˚ resolution
(data not shown). Probable correctness of the model folds is
indicated by Prosa II plots [19] and conservation of the disul-
ﬁde bridges. Previous studies indicate that mature AtSMT is a
monomer [9], whereas the AtSCT is subjected to post-transla-
tional endoproteolysis generating two subunits that form a
heterodimeric structure [28]. Accordingly, AtSMT is modeled
as monomer and BnSCT/AtSCT as heterodimer formed via
endoproteolytic excision of residues 282 (285) to 311 (310) as
proposed for AtSCT [28] and described for a group of SCPs,
e.g. the CPDW-II [29]. The computer-predicted central folds
of AtSMT and BnSCT/AtSCT are nearly identical with those
observed in SCPs [25,30,31] designated as ‘‘a/b-hydrolase fold’’[32], a structure element that provides an ideal scaﬀold for the
arrangement of several catalytic triads and has therefore been
found in several enzyme groups [6].
The model structures of AtSMT and BnSCT suggest the for-
mation of three disulﬁde bridges (S1, S2 and S3; Fig. 3) in both
acyltransferases that should also be applied for AtSCT. The
number of disulﬁde bridges in the template proteins varies be-
tween three for Kex1p to four in HPP and ﬁve in CPY. How-
ever, in all template proteins the disulﬁde bridge designated as
S1 is highly conserved. In the model structures of acyltransfer-
ases S1 is formed between Cys78 (79, 82) and Cys323
(354, 352). The disulﬁde bond S3 can be found in all templates,
but its position in the alignment is not strictly conserved. In the
acyltransferase structure models S3 is formed between Cys279
(281, 284) and Cys289 (321, 320). For the heterodimeric
BnSCT the model reveals that S1 and S3 are used to cross-link
the subunits as was shown for CPDW-II [29]. The conserva-
tion of the position of the amino acid residues of S2 is similar
to S3 but in the three-dimensional structures the positions are
quiet diﬀerent in all template proteins.3.3. Catalytic triad of SMT
Sequence analysis indicated for all SCPL acyltransferases
analyzed so far the presence of highly conserved amino acid
residues that build the catalytic centre of SCPs. Accordingly,
this suggests that AtSMT employs a catalytic triad consisting
of Ser173-His411-Asp358 as charge relay system to perform
acyl transfer activity (Fig. 4). Initial evidence for a seryl residue
being part of the catalytic centre was gained by inhibitor stud-
ies with DFP or PMSF known to modify seryl side chains
covalently [1,2]. To verify this assumption for AtSMT, protein
extracts from A. thaliana and B. napus leaves were treated with
both inhibitors and subjected to SMT assay. Treatment with
10 mM PMSF led to a decrease in SMT activity of 30%,
whereas the presence of 1 mM DFP caused a drop of 95%
compared to SMT activity in untreated extracts. This strongly
suggests that Ser173 forms part of the catalytic centre in
AtSMT.
To ascertain the relative impact of the individual members of
the potential catalytic triad on AtSMT activity, recombinant
mutant variants Ser173Ala, His411Ala and Asp358Ala were
produced by Saccharomyces cerevisiae cells and tested for
activity. The cells were harvested after cultivation in galac-
tose-supplemented media for 36 and 48 h, respectively. The
activity ratios of wild type enzyme and mutant variants at both
harvest times (data not shown) indicate that the SMT cDNAs
were expressed at similar levels. This was conﬁrmed by Wes-
tern blot analyses (Fig. 5A).
Fig. 5B summarizes the results from site-directed mutage-
neses of the catalytic triad and amino acids assumed to be
responsible for substrate recognition (the following paragraph)
of AtSMT. For the mutant variants Ser173Ala and His411Ala
no activity was observed, whereas the mutant protein
Asp358Ala kept SMT activity reduced to 20% of the wild type
level. This residual activity is most probably due to the remain-
ing ability of His411 to abstract a proton from the seryl hydro-
xyl group albeit restricted by the loss of stabilizing Asp358. A
similar eﬀect has been described for mutant variants of SCPs
lacking the active site aspartate [33].
These results clearly indicate that Ser173, His411 and
Asp358 form the reacting part in the active centre of AtSMT,
Fig. 2. Alignment of amino acid sequences of SCPL acyltransferases with those of serine carboxypeptidases used as templates for structure modeling.
N-terminal leader peptides are removed. Fully conserved residues are shaded in black. Amino acid residues forming the catalytic triad are depicted in
yellow. Residues are marked that are involved in substrate recognition (hydrogen bond network, blue crosses) and stabilization of the transition state
(oxyanion hole, green asterisks in SMT/SCT above and in CPY below the sequences). Secondary structure elements are shown for AtSMT and CPY.
Endopeptides cleaved out during enzyme maturation are crossed out. AtSMT (Arabidopsis thaliana SMT; GenBank accession number AF275313)
was aligned with BnSCT (Brassica napus SCT; GenBank accession number AY383718), AtSCT (Arabidopsis thaliana SCT; GenBank accession
number AY033947), HPP (human protective protein; NM000308.1), Kex1p (NC001139.7) and CPY (Saccharomyces carboxypeptidase Y;
NC001145.2) by CLUSTALW using the BLOSUM62 matrix.
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charge relay system. Given the complete conservation of these
residues, this suggests that glucose ester-dependent acyltrans-
ferases have adopted the catalytic centre of SCPs to carry
out acyltransferase reactions.3.4. Substrate speciﬁcity of SMT
With regard to substrate recognition, the structure model of
AtSMT provides evidence that the residues Glu215 and
Arg219 (Fig. 4) play an important role in positioning the
sinapoyl moiety. Glu215 accepts a hydrogen bond from the
Fig. 3. (A) Proposed a/b hydrolase fold of the ternary structure of AtSMT and (B) quaternary structure of BnSCT, each with the docked ligand 1-O-
sinapoyl-b-glucose. Disulﬁde bridges are labeled from S1 to S3. The catalytic triad is colored in red. The internal BnSCT sequences 282–311 was
removed as indicated in the alignment (Fig. 2).
6370 F. Stehle et al. / FEBS Letters 580 (2006) 6366–6374hydroxyl group at C4 of the aromatic ring, whereas Arg219
donates hydrogen bonds to the same substituent and to a
neighboring methoxyl group.
Based on these results, some other hydroxycinnamate glu-
cose esters proven to be accepted as acyldonors in SMT assays
[34–36] were tested to ﬁt into the model structure. Using the
program GOLD, the potential acyl donors 1-O-feruloyl-, -caf-
feoyl- and -4-coumaroyl-b-glucose were docked to the active
site. The calculated interaction energies of the individual li-
gands reveal a strong preference of AtSMT for the sinapoyl
moiety (data not shown). Among the alternative substrates,
the strengths of calculated enzyme–ligand interactions were
found to be in the same range as the speciﬁcity values reported
from enzyme assays [28,34–36]. Given the model structure,
the alternative hydroxycinnamoyl donors appear to be less
favored to establish hydrogen bonds, especially with Arg219
and Glu215.
The sequence alignment (Fig. 2) reveals that the amino acid
residues building the hydrogen bond network for carboxylate
recognition in position S1 0 of CPY (Trp49, Asn51, Gly52,
Glu65, Glu145) are conserved in AtSMT, except Glu145,
which has been replaced with aspartate. This raises the ques-
tion whether this conserved sequence motif could be employed
for substrate recognition by AtSMT. The structure model of
AtSMT indicates the formation of a hydrogen bond network
resembling that of CPY. Thus, the side chain of Trp71 donates
a hydrogen bond to the amide oxygen of Asn73 that on the
other hand forms hydrogen bonds to the carboxylate of
Glu87 and to the hydroxyl group at C3 of the glucose moiety
from the substrate, 1-O-sinapoyl-b-glucose (Figs. 4A and B).
Moreover, the hydroxyl groups at C2 and C3 of the glucose
moiety donate hydrogen bonds to the carboxylate of
Asp172. Unlike its counterpart in CPY, Gly74 does not con-
tribute to the hydrogen bond network in AtSMT. The ex-
change of the glutamyl residue that is highly conserved
among SCPs at the sequence position preceding the active site
seryl residue (172) by the smaller aspartate in AtSMT aﬀords
the necessary space to accommodate the glucose moiety ofthe acyl donor. Remarkably, this substitution seems to be
highly conserved for both proven SCPL acyltransferases and
sequences that sub-cluster with these in the family of SCPL
proteins [6]. Thus, the characteristic serine peptidase motif sur-
rounding the catalytic seryl residue is considered as Gly-Glu-
Ser-Tyr-Ala [37], whereas the homologous region has changed
to Gly-Asp-Ser-Tyr-Ser in sinapoyltransferases. Accordingly,
the double mutant variant of AtSMT Asp172Glu/Ser175Ala
displayed only a residual acyl transfer activity of 15% com-
pared to the wild type enzyme. These results suggest that the
substitution of glutamate by aspartate in the catalytic centre
might be the hallmark of glucose ester-dependent acyltransfer-
ases.
The model structure of AtSMT suggests that the hydrogen
bond network is also used to recognize the second substrate,
L-malate, once the substrate ester bond is cleaved and glucose
dissociated from the active centre giving rise to the acylenzyme
intermediate. Hydrogen bonds are formed between the proton-
ated carboxyl group of L-malate and the side chains of Asn73
and Asp172 (Figs. 4C and D). This bonding pattern resembles
substrate recognition that has been established between
SCPs and the peptide carboxylate [27]. The mutant variant
Asn73Ala where no hydrogen bond network can be formed
shows only 13% residual activity (Fig. 5). This strongly indi-
cates that the hydrogen bond network in AtSMT is still func-
tional. However, the modeled AtSMT structure deﬁnes Arg322
as the amino acid residue with key importance for substrate
recognition (Fig. 4). The side chain of Arg322 donates two
hydrogen bonds to both the glucose moiety of 1-O-sinapoyl-
b-glucose and the carboxylate of L-malate. After the glucose
has left the active site, Arg322 undergoes a conformational
change (Figs. 4B and C), that positions L-malate in a way that,
together with the hydrogen bonds to Asn73 and Asp172, en-
ables the catalytic His411 to abstract a proton from the hydro-
xyl group of the second substrate. Moreover, the thereby
activated L -malate is then brought into a perfect position to
attack the acylenzyme complex to form the product sina-
poyl-L-malate. The outstanding importance of Arg322 is
Fig. 4. Stereo pictures of AtSMT structure models with real amino acid sequence numbers. Residues forming the catalytic triad (Ser173, His411,
Asp358) are labeled in green. The substrates 1-O-sinapoyl-b-glucose and L-malate are colored in orange. Dotted lines indicate hydrogen bonds. (A)
Active site with the docking interaction between the substrates 1-O-sinapoyl-b-glucose and L-malate; (B) model of a potential transition state,
stabilized by the oxyanion hole where hydrogen bonds are formed between the negatively charged tetrahydral state oxygen and the backbone
nitrogens of amino acid residues Gly75 and Tyr174; (C) acylenzyme complex where the second substrate L-malate is activated by abstraction of a
proton by the catalytic His411; (D) model of the potential second transition state, stabilized by the oxyanion hole as described above.
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Fig. 5. (A) Western blots of recombinant SMT wild type (WT) and mutant variants with rabbit polyclonal monospeciﬁc anti-SMT antibodies
according to Hause et al. [9]. Lanes were loaded with 20 lg crude protein extracts from SMT-transformed yeast cells. Blots correspond to the relative
speciﬁc activities of the recombinant enzymes in panel (B). Mean values (±S.D.) were calculated from three independent enzyme assays;
100% = 14 pkat/mg protein.
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AtSMT is nearly inactive with a residual activity of 1%.
Inspecting the model structure, it became obvious that three
additional amino acid residues may be involved in the initial
recognition of the second substrate L-malate: His272, Lys268
and Asp278 (Figs. 4A and B). Activity assays of mutant vari-
ants His272Asp and Lys268Glu indicate that both residues
play a role in substrate recognition (Fig. 5). The substitution
His272Asp led to a decrease of SMT activity by 78% with re-
gard to the wild type enzyme. The ﬁnding that the His272Fig. 6. Stereo pictures of BnSCT structure models with real amino acid sequ
site of BnSCT with the docked substrates 1-O-sinapoyl-b-glucose and cholinhomologous residue in CPY (Tyr256) forms part of the S2 0
binding pocket supports the importance of this sequence ele-
ment. The enzyme activity of AtSMT mutant variant Lys268-
Glu was found to be reduced by 25%.
Crystal structures of SCPs reveal the oxyanion hole as an
important structural feature required for stabilization of
the negatively charged tetrahedral transition state. In CPY the
oxyanion hole (compare Figs. 4B and D) is formed by the
backbone amide hydrogens of Gly53 and Gly149 [25]. Accord-
ingly, the AtSMT structure model suggests that the oxyanionence numbers, structures are colored as in Fig. 4. (A) Proposed active
e and (B) the proposed BnSCT acylenzyme complex.
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Tyr174. The alignment deﬁnes Gly75 (real sequence numbers)
of AtSMT as homologous residue to Gly53 in CPY (Fig. 2).
The second constituent of the oxyanion hole in AtSMT
(Tyr174) has obviously been shifted by two positions towards
the active site seryl residue compared to CPY.
An important question to be addressed is why the acylen-
zymes are not hydrolyzed analogous to the peptide hydrolysis
of SCPs. As speculated earlier [6], there may be either an exclu-
sion of water from the catalytic centre by hydrophobic shield-
ing or a higher nucleophilic potential (if activated by the
catalytic histidine and aspartate) of the second substrates, L-
malate or choline, than water. There is no reliable explanation
yet. However, one possible explanation for the prevention of
hydrolysis could be the deprotonized state of Asn73 in the
AtSMT model. This would favor the binding of an oxonium
ion that is unable to attack the acylenzyme complex.
3.5. Structural features of BnSCT
Structure models of both BnSCT and AtSCT suggest that
these acyltransferases mainly employ amino acid residues
for catalytic function that are homologous to those implicated
in AtSMT activity. Thus, recognition of the acyl donor 1-O-
sinapoyl-b-glucose is facilitated through Glu217 in BnSCT
(220 in AtSCT) and Arg221 (224) by establishing hydrogen
bonds to the sinapoyl moiety (Fig. 6). The glucose moiety is
recognized by hydrogen-bonding Thr74 (77) and Asp174
(177). Both these residues are homologous to those involved
in glucose recognition of AtSMT (Asn73, Asp172). Addition-
ally, Ser320 (319) was found to stabilize the glucose moiety in
SCT enzymes. Furthermore, the residues which form the oxy-
anion hole Tyr176 (179) and Gly89 (92) correspond to those
of AtSMT. However, a striking diﬀerence between SCT and
SMT structure models involves binding of the second sub-
strate choline. The choline moiety is ﬁrst recognized by the
negatively charged side chains of Glu274 (277), Glu447
(445), Cys281 (284) and by Thr445 (443) (Fig. 6A), whereas
Glu274 (277) is the homologous residue to His272 (AtSMT)
and Tyr256 (CPY) forming parts of the S2 0 binding pocket.
After cleavage of the ester bond of the acyl donor leading
to dissociation of glucose from the active centre, choline
moves towards this position forced by Asp174 (177) and is
activated by the catalytic histidine similar to L-malate in
AtSMT (Fig. 6B).4. Conclusion
This study provides structure models of the plant SCPL
acyltransferases SMT and SCT based on homology with serine
carboxypeptidases that are among the best characterized pro-
teins. The models conﬁrm the main functional elements con-
served within the SCPL protein family, i.e. hydrolase fold,
catalytic triad, oxyanion hole and substrate recognition site.
This indicates overall reliability of the models even though
the placement of single amino acid side chains might intrinsi-
cally be problematic with modeling approaches. Site-directed
mutagenesis supports the model-based hypothesis about struc-
ture–function relationships of SMT, provided that the substi-
tutions introduced do not disturb the general structure of the
protein.Acknowledgement: Research on SCPL acyltransferases is supported by
the DFG priority program 1152, ‘‘Evolution of Metabolic Diversity’’.References
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